Omenn syndrome (OS) is an autosomal recessive primary immunodeficiency 1,2 and caused by mutations of the recombination activating genes (RAG1 and RAG2). 3 OS mutations maintain a residual recombination activity that allows limited T-cell receptor (TCR) gene rearrangements in the thymus, whereas null mutations cause a complete block of T-and B-cell development and lead to severe combined immunodeficiency (SCID) with absence of mature T and B lymphocytes (T Ϫ B Ϫ SCID). 4 However, the occurrence of the same mutations in patients with T Ϫ B Ϫ SCID and OS suggests that "leaky" mutations in RAG genes may not be solely responsible for the development of OS. 5 Somatic revertant mosaicism is a rare phenomenon that is increasingly being described in human genetic disorders. 6, 7 In all cases reported to date, revertant cells carried a single revertant sequence. 6, 7 It is also recognized that revertant mosaicism is an additional basis for milder phenotype in several primary immunodeficiencies such as adenosine deaminase deficiency, 8 X-linked SCID, 9 and Wiskott-Aldrich syndrome. 10 Here we describe an unusual case of RAG1 deficiency presenting somatic T-cell mosaicism due to multiple second-site mutations and show that the patient's revertant T-cell mosaicism might have contributed to the modification of his clinical features.
Introduction
Omenn syndrome (OS) is an autosomal recessive primary immunodeficiency 1,2 and caused by mutations of the recombination activating genes (RAG1 and RAG2). 3 OS mutations maintain a residual recombination activity that allows limited T-cell receptor (TCR) gene rearrangements in the thymus, whereas null mutations cause a complete block of T-and B-cell development and lead to severe combined immunodeficiency (SCID) with absence of mature T and B lymphocytes (T Ϫ B Ϫ SCID). 4 However, the occurrence of the same mutations in patients with T Ϫ B Ϫ SCID and OS suggests that "leaky" mutations in RAG genes may not be solely responsible for the development of OS. 5 Somatic revertant mosaicism is a rare phenomenon that is increasingly being described in human genetic disorders. 6, 7 In all cases reported to date, revertant cells carried a single revertant sequence. 6, 7 It is also recognized that revertant mosaicism is an additional basis for milder phenotype in several primary immunodeficiencies such as adenosine deaminase deficiency, 8 X-linked SCID, 9 and Wiskott-Aldrich syndrome. 10 Here we describe an unusual case of RAG1 deficiency presenting somatic T-cell mosaicism due to multiple second-site mutations and show that the patient's revertant T-cell mosaicism might have contributed to the modification of his clinical features.
Study design Patient
The patient was the second child born to consanguineous, healthy Japanese parents. He developed generalized exudative erythroderma at age 1 month, followed by failure to thrive and persistent cough. At age 2 months, the patient was hospitalized for upper respiratory infections and otitis media. Two weeks later, he suffered from sepsis due to Pseudomonas aeruginosa. Cell isolation, sequencing, and TCRV␤ repertoire CD4 ϩ and CD8 ϩ T cells were purified using magnetic beads as described. 11 CD16 ϩ natural killer (NK) cells and CD4 ϩ TCRV␤8 ϩ and CD8 ϩ TCRV␤1 ϩ T cells were separated from peripheral blood mononuclear cells (PBMCs) by an EPICS Elite flow cytometer (Beckman Coulter Fullerton, CA). Approval was obtained from the human research committee of Kanazawa University Graduate School of Medical Science for these studies, and informed consent was provided according to the Declaration of Helsinki. Mutation analysis of RAG genes, fluorescence-activated cell sorter (FACS) analysis of TCRV␤ repertoire, and complementarity-determining region 3 (CDR3) spectratyping were performed as described. 12, 13 
Results and discussion
Inherited mutations in either the RAG1 or the RAG2 gene resulting in partial V(D)J recombination activity have been detected in most OS patients. 14 We found that our patient is homozygous for a single base C deletion after nucleotide 2113 of the RAG1 gene (delC) in DNA from his granulocytes ( Figure 1A ). His parents were both heterozygous for this novel mutation. In contrast, DNA from the patient's PBMCs showed coexistence of the delC and other unexpected sequences ( Figure 1A ). When we analyzed such sequences in subcloned polymerase chain reaction (PCR) products obtained from his T cells, 6 different second-site mutations (mut no. 1-mut no. 6) were detected in addition to the delC mutation ( Figure 1B ). All of them restored the RAG1 reading frame and resulted in missense mutations, which were located in the RAG2-interacting domain ( Figure 1C ). Sequencing analysis in the general population excluded the possibility that they could be functional polymorphisms. The possibility that his T cells were derived from the maternal T-cell engraftment was ruled out by fluorescence in situ hybridization analysis for the detection of the X/Y chromosome and by standard molecular study of HLA typing (data not shown). In addition, the second-site mutations were not detectable in the mother's PBMCs. We therefore concluded that T cells carrying the second-site mutations originated from the patient's own hematopoietic cells in vivo.
The incidence of revertant mosaicism is considered rare, and revertant cells have been shown to carry a single revertant sequence in reported cases. 6, 7 Our studies, however, provide evidence for the presence of multiple and different second-site mutations in a single patient with nonmalignant diseases, an occurrence previously unreported. The mechanisms underlying these findings are presently unclear. Although mutational hotspots such as repeat sequences or CpG dinucleotides or increased genomic instability could be responsible for an increased rate of reversion events, 6, 7 this is unlikely the case in our patient.
The second-site mutations were only detectable among T lymphocytes including both CD4 ϩ and CD8 ϩ T cells and not among granulocytes, monocytes, and NK cells (Table 1) . B lymphocytes were absent from his peripheral blood. These results suggest that the reversion events occurred in committed T-cell progenitors on one allele in the patient. Alternatively, some of the second-site mutations may have happened in more primitive hematopoietic progenitors such as common lymphoid progenitors, and the lack of circulating B cells, which is usually seen in typical OS patients, could be interpreted as the simple result of partial correction of V(D)J recombination activity. In OS, however, leaky differentiation of a very limited number of B cells is functional and results in the augmented IgE production. In contrast, serum IgE is usually undetectable in T Ϫ B Ϫ SCID with complete RAG deficiency, reflecting the impaired B-cell differentiation. 14 Therefore, it is suggested that no revertant event occurred within B-cell lineages in this patient. On the other hand, some mutants such as the mut no. 2, mut no. 5, and mut no. 6 were detected only in CD4 ϩ or CD8 ϩ T cells ( Table 1 ), indicating that these second-site mutations may have occurred in T-cell progenitors at a stage after CD4/CD8 lineage commitment. Studies of lymphocyte development from RAG1 and RAG2 knock-out mice, however, have demonstrated that RAG-deficient thymocytes accumulate as quiescent cells with a heat-stable antigen (HSA)-positive, CD25 ϩ , CD4 Ϫ , c-kit lo phenotype resembling normal cells just prior to functional TCR␤ chain expression. [15] [16] [17] These findings suggest that the mut no. 2, mut no. 5, and mut no. 6 might be derived from the other precedent mutants by second somatic events after CD4/CD8 lineage commitment.
RAG mutations lead to heterogeneous immune and clinical manifestations ranging from T Ϫ B Ϫ SCID to OS probably due to residual recombination activity. 14 The frameshift mutation delC is expected to abrogate RAG1 function and should have resulted in a T Ϫ B Ϫ SCID phenotype when present on both alleles. However, our patient is classified as OS based on the clinical findings. Although we need to perform V(D)J recombination assay to determine the restored activity, all of the patient's second-site mutations are likely compatible with partial correction of the RAG1 activity. Indeed, a similar missense mutation resulting in an E669G substitution has been reported in a patient with typical OS. 14 Accordingly, the revertant T cells of our patient showed mature and activated phenotype with a highly restricted TCR repertoire in the periphery ( Figure 1D -E). It seems therefore reasonable that his clinical phenotype has changed from T Ϫ B Ϫ SCID to OS due to the revertant mosaicism.
Our studies provide significant implications of revertant mosaicism in the pathogenesis of OS. Recent advances in molecular genetics and cell enrichment techniques have allowed small levels of somatic mosaicism to be investigated. 18 Thus, somatic revertant mosaicism may play a more important role in factors that influence phenotypic expression of diseases than previously thought and will help us to understand, at least in part, inconsistent genotype/ phenotype correlation in genetic disorders. For personal use only. on May 1, 2017. by guest www.bloodjournal.org From
